The L␣ and L␤ spectra of tungsten were measured using a high-resolution single-crystal x-ray spectrometer. The observed spectra were fitted into Lorentzians. The fit residuals of the L␣ and L␤ spectra indicate the presence of satellites in the vicinity of each spectrum, which are originated from Coster-Kronig transitions. Linewidths, energies, and intensities were estimated for each diagram line and compared with previous data. The L␤ 2 satellite line observed by Salgueiro et al. ͓J. Phys. ͑Paris͒, Colloq 48, C9-609 ͑1987͔͒ was confirmed on the high energy side of the L␤ 2 line. The origin of this satellite is discussed experimentally and theoretically.
I. INTRODUCTION
It is generally difficult to analyze L x-ray emission spectra induced by excitation with electrons and high-energy photons, where all the three L subshells can be ionized and the subsequent redistribution of initial vacancies occurs by Coster-Kronig transitions. The existence of two or more holes in atomic inner shells gives rise to satellite lines with energies that are shifted from the diagram lines. The study of L x-ray satellites in high-Z elements has not been performed by many workers. For the last 20 years, there are only a few papers on this subject for tungsten 74 W ͓1-3͔. The L x-ray satellite lines usually appear in a slightly higher-energy side than their diagram line. The satellites corresponding to M spectator holes lead to lines that can be resolved well from the parent lines, whereas those corresponding to N spectator holes almost coincide with the diagram lines.
The widths of some L x-ray lines of W were measured as part of a program for compiling the L-series linewidths in heavy elements ͓4-6͔. They suggested that the disagreement between theory and experiment was due to the large theoretical values of M and N subshell partial widths calculated by McGuire nonrelativistically ͓7-9͔. However, the existence of hidden satellites was not considered in their analysis of experimental data. It is interesting to measure the L x-ray linewidth of W with higher resolution taking into account the hidden satellite lines.
On the other hand, Salgueiro et al. ͓3͔ observed the satellite line in the high region of L␤ 2 spectrum of W. They concluded that this line was due to Coster-Kronig transitions L 1 -L 3 M 5 , which were energetically forbidden for 50рZ р74 and were allowed for Zу75 according to the work of Chen et al. ͓10͔ , based on the experimental results of the ratio of the ionization cross sections of subshells L 1 and L 3 (1/3), which increase abruptly at 13 keV incident electron energy and become constant for energies above 20 keV.
In the present study, we investigated the linewidth, energies, and intensities including satellites of W L␣ and ␤ emission lines generated by electron bombardment using a singlecrystal high-resolution x-ray spectrometer for the evaluation on the correctness of the theoretical calculation of different types of transition rates. In addition, the intensity measurement is executed using various incident electron energies for the satellite in the higher-energy region of L␤ 2,15 in order to elucidate the mechanism of the origin of this satellite.
II. EXPERIMENT
The tungsten L spectral lines were excited by electron bombardment in a rotating anode at the tube voltage of 49 kV and the current of 150-180 mA. The spectral measurements were carried out with a single-crystal spectrometer with symmetrical Si͑440͒, Si͑444͒, and Ge͑444͒ perfect crystals in which x-ray topography showed no dislocation. A double slit collimator of 100-mm length and the vertical width of 10 or 20 m was used for the measurement. Measuring time was registered so as to obtain at least 10 000 counts per each point in the region of interest. No smoothing was applied to the raw data. For the diagram line the values by Bearden ͓11͔ and Sandström ͓12͔ were used as reference. The dependence of the detection efficiency on the energy in the Ar 0.9 ͑CH 4 ͒ 0.1 flow proportional counter ͑FPC͒ was taken into account when calculating the relative intensity of each diagram line.
It is very important for spectral intensity measurement with a x-ray spectrometer to extract the ''true'' emission line from the measured and instrumentally distorted profile. The influence of the instrumental function was minimized already in the measurement process itself by an optimal selection of the experimental setup in our experiments, i.e., the influence of the collimator geometry, the crystal reflection properties ͑as given by the dynamical theory of x-ray diffraction͒, and the tube arrangement for the absorption were taken into account.
III. RESULTS AND DISCUSSION

A. Spectra analysis and correction factors
In order to extract the natural linewidth (⌫ n ) from the measured spectral linewidth (⌫ 0 ) one has to correctly evaluate the dispersion of the spectrometer. In our case we considered the contribution to the observed linewidth due to the double slit collimator (␦E slit ), and due to the reflection on the crystal (␦E crystal ), which is usually much smaller than the first one. Therefore, the total observed spectral broadening can be expressed as the sum of the two components.
An attempt to evaluate the natural linewidths was made by using the following empirical formula:
where n is the correction factor, with values in the range 1 ϽnϽ2. This equation is a generalization of the relation for the widths obtained by convoluting two Lorentzian distributions (nϭ1), or two Gaussian distributions (nϭ2). We considered for each line two experimental setups, with different spectral broadening, and fitted the spectra into Lorentzians.
The values thus obtained for ⌫ obs , ␦E slit , and ␦E crystal from the two setups were used as input values for the following system of equations:
The system of equations was numerically solved by iterative methods and the natural width ⌫ nat , and the correction factor ͑n͒ were obtained. The main demerit of this method is the underestimation of ⌫ obs while fitting the spectra using Lorentzian distributions. Hence, the obtained natural linewidths are also underestimated. Second, the convergency of the system of equations ͑2͒ is very sensitive to the input values.
In order to avoid this limitation, we analyzed our spectra using Voigt functions also, which can be written in terms of position (E 0 ), amplitude (A), Lorentzian width (w), and dispersion width ͑d͒ as follows:
where
represents the convolution of a Lorentzian with a Gaussian. The first parameter, (x), represents the energy axis ͑E͒ in units of dispersion (d):
and the second parameter, (y), represents the shape of the Voigt function:
Various computational methods for the evaluation of the integral in Eq. ͑4͒ can be found elsewhere ͓13-17͔. Details about the Voigt function in this form are given in Sec. VI.
Both methods are affected by the precision of the evaluation of the spectral broadening. Because one cannot determine all instrumental dispersion factors, the spectral broadening tends to be always underevaluated and the obtained natural linewidths tend to be therefore larger than the true linewidths. This happens for both methods. For the correction factor method ͓see Eq. ͑2͔͒, the obtained natural linewidths are slightly smaller. This is because the spectra are 
B. Diagram lines
Theoretical values of natural width of atomic vacancy states were reported for the L shell ͓18͔, and the M shell ͓19,20͔ using the relativistic calculations, and for the N shell with nonrelativistic calculations ͓21,22͔. The natural width of an x-ray line originated from a transition from an atomic level ͑A͒ to a level ͑B͒ is represented as the sum of the width of the initial and final levels:
The experimental values for the natural width of diagram lines were obtained using the multiplet fitting method by Deutsch et al. ͓23͔ , considering the satellite structure, with the only difference that for the peak shape we used not only the Lorentzian profile but also the Voigt profile for comparison:
where p(E) can be the Lorentzian or the Voigt profile. A linear background is also added to the profile.
In Eq. ͑8͒, the indices ͑m͒ denote the multiplets and the indices ͑l͒ denote the lines within a given multiplet. Prior to fitting one has to calculate the positions of the diagram and satellite lines (E lm ) and the relative intensities (b lm ) of the satellite lines to the diagram lines, which are all fixed parameters in the fitting procedure. Within a multiplet, the amplitude (A m ), the energy shift (s m ) relative to the calculated position, the width (w m ), and the dispersion (d m )-in the case of using the Voigt profile-are common for all lines within the multiplet. These last four parameters are free during the fitting, and are actually the result of the fitting. However, we chose to fix during the fitting also the dispersion parameters to the values calculated for each diagram line using the geometry of the collimator and the dispersion of the crystal.
The values for the energy positions of the satellite lines were taken from the table published by Parente ͓25͔. The theoretical values for linewidths are estimated as the sum of the two levels involved in the transition. In the next section we show the model for calculating the relative intensity of the satellite lines. In addition, for comparison of our results with previous experimental values obtained by Salem ͓4,5͔, each diagram line was also fitted into single symmetric Lorentzians. The natural linewidths obtained in our experiment are compared in Table I with the values derived from theoretical calculations and with previous experimental results. Normally, while considering the satellite structure in the multiplet fitting method, the obtained natural linewidths are smaller compared with those obtained by single Lorentzian fitting. In the case of L␤ 15 , which is very close to L␤ 2 , we obtained an opposite result due to the overlapping of the two spectra.
The relative intensities derived from the radiative transition probabilities published by Scofield ͓24͔ are shown in Table II We can observe again that in the case of L␤ 15 , the relative intensity obtained by using the multiplet fitting method is higher than the value obtained by using single Lorentzian fitting. This explains also why the measured value of the relative intensity of the L␤ 2 satellite is higher in the case of multiplet fitting.
The structure left in the residue of fitting by using single Lorentzians may be attributed to the presence of the hidden satellites. However, even after considering the satellite structure by using the multiplet fitting method, there still remains some structure in the residue ͑see Fig. 1͒ . We encountered this situation for all analyzed spectra, excluding L␤ 2,15 , where after using the multiplet fitting method, the residue was reduced to background level ͑see Fig. 2͒ . This can be due to the fact that we could not include in the multiplet fitting model the contribution of the O-shell and P-shell spectator hole and the shake-off processes. Also, the spectra are affected by the dispersion of the spectrometer. If possible, it is generally recommended to deconvolute the spectra prior to analysis or to analyze the spectra using Voigt functions that include the dispersion of the spectrometer.
C. Satellites from Coster-Kronig transitions
The relative intensities of Coster-Kronig satellite transitions are calculated assuming that the fluorescence yields i,iϭ1,2,3 has the same value for both the case of single vacancy states and multiple vacancy states. In the transitions to the initial vacancy state L 2 , the relative intensities of the spectator hole satellite lines to the diagram line can be calculated as follows:
͑9͒
where i , iϭ1,2,3 , is the ionization cross section by electrons for the L i subshell; f i, j is the partial Coster-Kronig transition probability from the L i to the L j the level; P(L i L j X) is the probability of the radiationless transition L i →L j X, for which the double vacancy state L j X is created, where X is either an M or an N shell. In the transitions to the initial vacancy state L 3 , there are two possible Coster-Kronig transitions: L 1 →L 3 X and L 2 →L 3 X. The relative intensities of the spectator hole satellite lines to the diagram line has three terms: Table III together with their corresponding energy position. In this table, the Coster-Kronig channel for creating M-shell spectator holes is closed. The energy positions of the satellite lines are the results of ab initio relativistic calculations of L-series x-ray satellites that arise from the presence of one spectator hole in the M or N shells of the emitting atoms, published by Parente et al. ͓25͔ . From the energy position of the N-shell spectator-hole satellite transitions one can observe that these lines can be separated into two groups: the N 1 -N 5 transitions, characterized by a higher-energy position compared with the diagram line and providing the main part of the satellite transitions (Ͼ60%), and the N 6 -N 7 transitions, having the lower energy, but very close to the diagram line. For the O and P shells we could not separate the relative energy position of spectator hole from the diagram line. The relative intensity of these satellites together is about 1.52% in the case of L 2 initial vacancy state transitions and about 0.86% in the case of L 3 initial vacancy state transitions.
Although there is an energy difference for the diagram lines between the theoretical values and the experimental values published by Bearden ͓11͔, in the multiplet fitting method only the relative position and the relative intensity of the satellite lines to the diagram line is important, which together give the line shape of the spectra. As a result of fitting one can obtain the linewidth of each group, considered as a diagram line and its satellites, the energy shift of the whole group, and the amplitude. The results of the dependence of I s on the exciting energy are shown in Fig. 3 . The relative intensity of the satellite line with respect to the L␤ 2 line, I s (E), shows a slow increase as a function of exciting energy, which suggests a shake-off process rather than a Coster-Kronig transition. This fact was also confirmed by another experiment with different crystal. As described by Armen et al. ͓29͔ , the dependence of the shake-up probability in the shake process on the exciting electron energy has a sharp finite onset and reaches the sudden limit quickly, while the shakeoff probability starts from zero at the threshold, increases slowly, and approaches the sudden limit gradually. However, the probability of a shakeoff transition ͑for example, the total probability of the shake process is 2.4ϫ10
Ϫ3 for ͓2 p3l͔) is much more smaller than the values obtained in our experiment. 
V. CONCLUSIONS
The reliable values of natural linewidth and relative intensities of the main L-emission lines of tungsten were obtained by means of the multiplet fitting with the satellite structure. For the disagreement between theory and experiment for L i →N j transitions, the theoretical reestimate with relativistic calculations is necessary. The relative intensity I s for the L␤ 2 visible satellite increases with increasing exciting energy and this tendency is similar to the threshold behavior of the shake-off process. However, its theoretical probability is too small to assign, compared with the values obtained in our experiment. As suggested by Salguero et al., the strong dependence of the L 1,2,3 -subshell ionization cross section on the exciting electron energy probably will have to be taken in account.
In the future, in order to elucidate the mechanism of the visible satellite of L␤ 2 for 74 W, the x-ray emission spectra will be investigated as a function of incident photon energy with tunable synchrotron radiation sources. It is also interesting to perform such experiments for the neighboring elements 73 Ta and 75 Re.
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APPENDIX: PROPERTIES OF THE VOIGT FUNCTION
As can be seen from Eq. ͑3͒, the value of the Voigt function at the origin (E 0 ) is equal to the amplitude (A): V(0,y)ϭA. When the dispersion tends to zero the Voigt function becomes a Lorentzian:
Similarly, when the width of the Lorentzian tends to zero, the Voigt function becomes a Gaussian with the width equal to the dispersion parameter:
V͑x,y→0 ͒ϭAe The Lorentzian width and the dispersion width both have full width at half maximum ͑FWHM͒. The width of the Voigt function itself can be approximated ͓16͔ as follows:
The area of the Voigt function given in Eq. ͑3͒ is
where y(w,d) is the shape parameter given in Eq. ͑6͒. Consider the convolution g(x) of a function f (x) with the weighting function h(x): g͑x͒ϭ ͵ h͑t͒ f ͑xϪt͒dt.
͑A5͒
Integrating in respect with x and changing the order of integration we obtain ͵ g͑x ͒dxϭ ͵ ͩ͵ h͑t͒ f ͑xϪt͒dt ͪdx ϭ ͵ h͑t͒ͩ ͵ f ͑xϪt͒dx ͪdt ϭ ͵ h͑t͒dt ͵ f ͑ y ͒dy ͑A6͒ after changing xϪtϭy, dxϭdy. If the weighting function h(x) is normalized, the area of the convoluted function g(x) is equal to the area of the function f (x). In the case of the Voigt function, the Gaussian plays the role of the normalized weighting function. Therefore, the area of the Voigt function is also equal to the area of the Lorentzian:
From Eq. ͑A4͒ we can immediately determine the amplitude of the Lorentzian, which convoluted with the normalized Gaussian weighting function gives the Voigt profile.
